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ABSTRACT

To account for the thermal and chemical effects associated with the high CO2
concentrations in an oxy-combustion atmosphere, several refined gas-phase chemistry and
radiative property models have been formulated for laminar to highly turbulent systems. This
thesis examines the accuracies of several chemistry and radiative property models employed
in computational fluid dynamic (CFD) simulations of laminar to transitional oxy-methane
diffusion flames by comparing their predictions against experimental data. Literature review
about chemistry and radiation modeling in oxy-combustion atmospheres considered
turbulent systems where the predictions are impacted by the interplay and accuracies of the
turbulence, radiation and chemistry models. Thus, by considering a laminar system we
minimize the impact of turbulence and the uncertainties associated with turbulence models.
In the first section of this thesis, an assessment and validation of gray and non-gray
formulations of a recently proposed weighted-sum-of-gray gas model in oxy-combustion
scenarios was undertaken. Predictions of gas, wall temperatures and flame lengths were in
good agreement with experimental measurements. The temperature and flame length
predictions were not sensitive to the radiative property model employed. However, there
were significant variations between the gray and non-gray model radiant fraction predictions
with the variations in general increasing with decrease in Reynolds numbers possibly
attributed to shorter flames and steeper temperature gradients. The results of this section
xvi

confirm that non-gray model predictions of radiative heat fluxes are more accurate than gray
model predictions especially at steeper temperature gradients.
In the second section, the accuracies of three gas-phase chemistry models were
assessed by comparing their predictions against experimental measurements of temperature,
species concentrations and flame lengths. The chemistry was modeled employing the Eddy
Dissipation Concept (EDC) employing a 41-step detailed chemistry mechanism, the nonadiabatic extension of the equilibrium Probability Density Function (PDF) based mixturefraction model and a two-step global finite rate chemistry model with modified rate constants
proposed to work well in oxy-methane flames. Based on the results from this section, the
equilibrium PDF model in conjunction with a high-fidelity non-gray model for the radiative
properties of the gas-phase may be deemed as accurate to capture the major gas species
concentrations, temperatures and flame lengths in oxy-methane flames.
The third section examines the variations in radiative transfer predictions due to the
choice of chemistry and gas-phase radiative property models. The radiative properties were
estimated employing four weighted-sum-of-gray-gases models (WSGGM) that were
formulated employing different spectroscopic/model databases. An average variation of 14 –
17% in the wall incident radiative fluxes was observed between the EDC and equilibrium
mixture fraction chemistry models, due to differences in their temperature predictions within
the flame. One-dimensional, line-of-sight radiation calculations showed a 15 – 25 %
reduction in the directional radiative fluxes at lower axial locations as a result of ignoring
radiation from CO and CH4. Under the constraints of fixed temperature and species
distributions, the flame radiant power estimates and average wall incident radiative fluxes
varied by nearly 60% and 11% respectively among the different WSGG models.
xvii

1. INTRODUCTION

1.1. Carbon Capture Technology
The EIA projected in 2013 that renewable energy fuels and natural gas will be the
fastest growing forms of energy in terms of world electricity generation [1]. Coal on the
other hand is projected to hold the largest share of the world’s electricity generation in 2040.
Despite the fact that renewable energy are continuing to rise in terms of power generation,
fossil fuels are still responsible for generating about 55% of world’s power. This means that
carbon dioxide released into the atmosphere will also increase.
Carbon dioxide is the major contributor to global warming for it has the greatest
impact which accounts to about 55% of the observed global warming and 65% of the
enhanced greenhouse effect [2]. The intergovernmental Panel on Climate Control predicted
that by the year 2100, the atmosphere may contain about 570 ppmv of CO2 causing a 1.9 °C
rise in mean earth temperature and an increase of 3.8 meters in mean sea level.
With increasing attention on global warming internationally, many researchers have
been focusing on effective ways to reduce carbon dioxide emissions to the atmosphere. This
field has become to be known as carbon capture and storage (CCS). The capture of CO2 from
the flue gas of a power plant accounts three quarter the total cost of CCS. To achieve long
range reduction rates of CO2 emissions, cost effective CO2 capture from fossil fuel power
plant and subsequent sequestration options need to be industrialized. There are several
1

technologies available for CO2 capture such as adsorption, absorption, membrane, gas
separation, cryogenic separation, etc. CO2 capture processes could be divided into three
categories as follows:
i.

Precombustion – hydrocarbon fuels are decarbonized prior to combustion

ii.

Postcombustion – separation of CO2 from the flue gases using different
methods

iii.

Oxy-fuel combustion – the usage of pure oxygen separated from air

The three major CCS technologies listed above can be applied for power generation
from coal (with the exception of some low rank coals due to unresolved engineering
challenges) and natural gas. A recent study has analyzed the cost of electricity, efficiency
and capital costs for three main capture technologies and concluded that oxy-fuel combustion
has the largest potential for carbon capture and storage. Furthermore, capital cost analysis
indicated that this technology is the most competitive option for retrofitting existing power
plants. [3]

1.2. Oxy-fuel Combustion
During oxy-fuel combustion, fuel is burnt in a mixture of pure oxygen and recycled
flue gas instead of air. The recycled flue gas in oxy-combustion aids in lowering the flame
temperature and maintains a high gas volume through the reactor. The primary products of
oxy-combustion are CO2 and H2O with a concentration of CO2 ready for sequestration. This
technology may provide a means whereby CO2 can be more efficiently captured and other
greenhouse gases such as NOx can be minimized [4]. Oxy-fuel combustion is fundamentally
different than conventional air combustion primarily due to the different physical and
2

chemical effects of CO2 and H2O. Recent reviews focused on solid fuels have discussed the
challenges associated with this technology such as: commercialization at larger scales [5, 6],
SOx and NOx emissions during solid fuel oxy-combustion [7] and the impacts of sulfur
containing species [8], by summarizing the results from pilot and laboratory scale studies.
From a technical perspective, a more complete understanding of flame ignition, stability and
fuel burnout, heat transfer characteristics, formation of gaseous pollutants, ash and slagging
propensities under oxy-fuel combustions have been identified as necessary to demonstrate
this technology at larger scales.

1.2.1. Diffusion Oxy-methane Flames
The present study focuses on modeling laminar non-premixed combustion of
methane under air-firing and oxy-firing conditions to validate recently developed chemistry
and radiation property models. In non-premixed combustion, the fuel and oxidizer are fed
separately into the furnace where the combustion takes place. Premixed combustion is
another type of combustion in which the oxidizer and fuel mix before being fed into the
combustion chamber. The non-premixed combustion is the prevalent mode of combustion in
most industrial furnaces for safety concerns.

1.3. Numerical Modeling
High-Fidelity Computational Fluid Dynamic (CFD) simulations can provide valuable
insights towards the design, operation and scale-up of oxy-combustion technologies. The
CFD modeling approaches and sub-models employed in oxy-combustion are similar to those
developed for conventional-air combustion. However, due to the high concentrations of CO2
and H2O with highly radiative properties, oxy-combustion is characterized by uncommon
3

heat transfer characteristics that are different from those encountered during air combustion
cases. Recent reviews by Chen et al [9] and Edge et al [10] identified the need to refine and
validate the models that were deemed to be accurate for fuel combustion with air and tailor
them to work well under oxy-combustion scenarios. Among these, refining models for the
gas-phase chemistry and gas-phase radiative properties have garnered much attention.

1.3.1. Radiative Heat Transfer
Unlike N2, a symmetric diatomic gas, CO2 and H2O absorb and emit radiation.
During oxy-combustion, the high concentrations of CO2 and H2O may result in significantly
different emissivities which in turn influence the absorption of heat within the boiler and
enhances radiative heat transfer. Consequently, several existing models for computing total
gas emissivity and absorptivity have been refined to accurately represent oxy-firing
conditions. One of the most widely used models is the weighted sum of gray gases (WSGG)
model which provides a good compromise between accuracy and computational resources.
In this model, the total emissivity of a gas mixture is approximated as a weighted sum of a
number of gray gases each with a distinct absorption coefficient. Therefore, a set of
coefficients corresponding to each gas mixture is needed in order to be applied in the WSGG
model. Recently, several models have been developed and validated. The WSGG model
employed in this study uses the Statistical Narrow Band RADCAL database to determine the
required emissivity data for fitting of the WSGG model. The model will be referred to as the
Perry model and a more detailed description is found in [11].

1.3.2. Chemistry
Combustion occurs through a series of elementary chemical reactions which together
4

form a reaction mechanism. Detailed mechanism for the combustion of methane can include
hundreds of chemical reactions which translate into a large set of differential equations to be
solved in CFD simulations. Thus, several global mechanisms have been developed for the
combustion of methane with a reduced set of reactions to model the reaction kinetics. The
Westbrook-Dryer (WD) and Jones-Lindstedt (JL) are among the most used multi-step
mechanism to model air combustion. These mechanisms were modified by Andersen et al to
better model the reaction kinetics under oxy-firing conditions [12]. It has been shown that
these models are able to give good predictions for temperature and major species such as
CO2 and H2O, but fail to predict realistic and reliable predictions for CO. Chemistry models,
such as the equilibrium model, that take into account intermediate combustion products
resulted in better predictions. Thus, there is a need to better understand the limited
capabilities of existing chemistry models. In order to carry out a rigorous assessment of
chemistry models in oxy-combustion scenarios, experimental and numerical results from
three, confined, laminar, diffusion methane flames are reported in chapter three of this thesis.

1.4. Thesis Outline
This thesis compiles a set of studies that investigates radiation and chemistry
modeling strategies of oxy-methane combustion. In this chapter, the chemistry and radiation
challenges encountered in modeling oxy-combustion are briefly presented. Chapter 2
examines gray and non-gray radiation modeling and their subsequent effect on variables
important to radiative heat transfer by comparing model predictions to experimental
measurements. In Chapter 3, the sensitivities of variables such as temperature and CO2
predictions to the choice of chemistry model were studied. Chapter 4 investigates the
5

sensitivities of the radiative heat transfer to various radiation and chemistry models. Chapter
5 concludes the results obtained in this thesis.
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2. AN ASSESSMENT OF RADIATION MODELING STRATEGIES IN
SIMULATIONS OF LAMINAR TO TRANSITIONAL, OXYMETHANE, DIFFUSION FLAMES

ABSTRACT

Twenty four, laboratory scale, laminar to transitional, diffusion oxy-methane flames
were simulated employing different radiation modeling options and their predictions
compared against experimental measurements of: temperature, flame length and radiant
fraction. The models employed were: gray and non-gray formulations of a recently proposed
weighted-sum-of-gray gas model, non-adiabatic extension of the equilibrium based mixture
fraction model and investigations into the effects of: the thermal boundary conditions, soot
and turbulence radiation interactions (TRI).
Predictions of gas, wall temperatures and flame lengths were in good agreement with
experimental measurements. Flame lengths determined through the axial profiles of OH
confirmed with the experimental trends by increasing with increase in fuel-inlet Reynolds
numbers and decreasing with the increase in O2 composition in oxidizer. The temperature
and flame length predictions were not sensitive to the radiative property model employed.
There were significant variations between the gray and non-gray model radiant
fraction predictions with the variations in general increasing with decrease in Reynolds
numbers possibly attributed to shorter flames and steeper temperature gradients. The
8

inclusion of soot model and TRI model did not affect our predictions as a result of low soot
volume fractions and the radiation emission enhancement to the temperature fluctuations
being localized to the flame sheet.

2.1. Introduction
2.1.1. Numerical Modeling of oxy-fuel combustion
Modified radiative property models in the form of weighted-sum-of-gray-gases
(WSGG) coefficients [1-4] and modified global kinetic mechanisms [2, 5-7] for oxycombustion scenarios have been proposed. WSGG models are popular due to: their ease of
implementation within CFD frameworks, computational cost and accuracies, and the ability
to employ them in their gray or non-gray formulations. In previous studies [1-4], the
accuracies of the proposed WSGG models were first assessed by comparisons against
benchmark solutions in prototypical geometries with media conditions representative of oxycombustion. They were then subsequently employed in CFD calculations where the radiation
models were coupled to other combustion models. The main conclusions from these studies
are summarized here.


Although different spectroscopic databases were employed in the formulation of WSGG
models, the EM2C statistical narrow band (SNB) and RADCAL SNB model databases
were deemed as most accurate for WSGG model formulations [1]. Recently, a WSGG
model has also been proposed by directly employing the HITEMP 2010 database [4].



Through oxy-combustion simulations of natural gas in large scale furnaces Yin [9] and
Krishnamoorthy [1] concluded that non-gray radiative transfer models are more
important for an accurate determination of wall fluxes rather than temperatures but
9

acknowledged that the presence of particles (that can be approximated as gray radiators
to a good approximation) can minimize the importance of non-gray gas radiation models.


In a subsequent study by Nakod et al [10], simulations of oxy-coal combustion revealed
that in small scale furnaces where the particle radiation is greater than the gas radiation,
the differences between gray and non-gray radiation modeling strategies were minimal.
However, in full-scale boilers the wall radiative flux predictions were significantly
different between the gray and non-gray models due to large volume pockets within the
furnace where the gas radiation dominated over the particle radiation. Kangwanpongpan
et al [11] through numerical investigations on a swirling oxy-coal flame in a lab-scale
furnace attributed an improved agreement between the numerical temperature predictions
with the experimental data to the use of a non-gray model.



Through simulations of oxy-propane flames in a lab-scale furnace, Hjartstam et al [6]
concluded that while non-gray radiation had an impact on the radiation field and
temperature, accurate soot models are more important than the non-gray models.



Due to the large concentrations of radiatively participating gases during oxy-combustion,
accurately accounting for turbulence radiation interactions (TRI) has been determined to
be important [12]. Accurately accounting for TRI in oxy-combustion simulations was
determined to be important in oxy-coal combustion studies [13] and natural gas
combustion experiments [14]. However, a numerical investigation of highly swirling
natural-gas flame showed that TRI does not play a significant role in oxy-combustion
[1].
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2.1.2. Motivation for the Present Study
As seen from the summary of previous studies, due to differences in fuel type (in
terms of the sooting propensities for the gaseous fuels and coal type employed in the solid
fuels), configuration and size of the furnaces, there is still considerable uncertainty in the
apriori identification of oxidizer compositions to be employed during oxy-combustion that
will result in temperature and radiative heat flux profiles that are similar to those encountered
during combustion in air. Due to the difficulties in obtaining radiative flux measurements in
large scale boilers, it is therefore pivotal that the radiation and combustion modeling
procedures achieve a high degree of fidelity. However, there is some disagreement on the
relative importance of non-gray radiation modeling and TRI modeling in oxy-combustion
scenarios and their subsequent impact on the temperature and radiative heat fluxes. A
quantification of their individual effects and associated uncertainties are made difficult due
to the presence of particles (soot or coal) and associated uncertainties with the turbulence and
chemistry models. Therefore, the goal of this study is to carry out an assessment and
validation of gray and non-gray models in oxy-combustion scenarios by comparing model
predictions against experimental measurements of variables important to radiative transfer in
well-controlled laminar to transitional, oxy-methane, diffusion flames. By restricting
ourselves to laminar to transitional flow conditions and a mildly sooting fuel, we attempt to
minimize the impact of the turbulence modeling procedure and the uncertainties associated
with the particle contribution to radiation.

2.2. Laminar to Transitional, Oxy-Methane, Diffusion Flames
The oxy-flames simulated in this work were experimentally investigated by Ditaranto
and Oppelt [15]. They present experimental results of radiative heat flux along the axial
11

direction, flame lengths and radiant fractions of twenty-four non-premixed jet methane
flames developing in oxy-fuel environments. Six different oxidizer compositions with
oxygen concentrations ranging from 35% to 70% with CO2 as the diluent, as well as in air
were considered along with four fuel inlet Reynolds numbers ranging from 468 to 2340.
Therefore, their experiments represent a nice dataset for the validation of radiation models
for a wide range of O2-CO2 compositions in the oxidizer stream, at laminar to transitional
conditions with minimal interference of particle radiation (soot). All 24 flames investigated
by Ditaranto and Oppelt [15] were simulated in this study employing different modeling
options.

2.3. CFD Modeling Approach
2.3.1. Geometry and Mesh
The furnace consists of a fuel nozzle of diameter 5 mm, oxidizer nozzle of diameter
100 mm enclosed in a combustion chamber of diameter 350 mm and 1000 mm in length with
stainless steel walls. The co-flow velocity of the oxidizer stream was maintained at 0.25 m/s
with the fuel jet velocities varying between 1.5 m/s and 7.6 m/s to represent four Reynolds
numbers in the range 468 and 2340 [15]. The inlet temperatures of the fuel and oxidizer were
set at 288 K for the fuel densities to match the fuel inlet Reynolds numbers at the different jet
velocities [16].
The CFD simulations were carried out using the commercial code ANSYS FLUENT
[17]. The furnace was modeled in a 2D axisymmetric domain to take advantage of the
symmetry of the problem. The entire geometry was meshed employing 30,700 hexahedral
control volumes. Simulations were also repeated employing 263,000 control volumes and the
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results of the variables reported in this study were found to be identical at both these mesh
resolutions. All the flames investigated in this study were determined to be in the buoyant
regime since their laminar Froude numbers were less than unity [15]. The pressure velocity
coupling was therefore accomplished using the SIMPLEC algorithm which we have
determined from past experience to perform well in such buoyancy driven enclosure flows.
The PRESTO and QUICK schemes were employed for the spatial discretization of the
pressure and momentum terms respectively since hexahedral cells were employed in the
calculations [17]. The buoyancy within the domain necessitated performing transient
simulations. Although, a time step size of 0.001 seconds was employed in all the
calculations, all of the reported variables in this study converged to a constant value. The
turbulence was modeled using the standard k-ε turbulence model [17].

2.3.2. Radiation Modeling and Boundary Conditions
The radiation was modeled by solving the radiative transport equation (RTE)
employing the Discrete Ordinate (DO) model. The angular discretization was carried out by
employing a 4 x 4 theta x phi discretization. The adequacy of this angular resolution was
established by determining that the reported variables did not change with any further
increase in angular resolution.
To determine the radiative property of the gas mixture, a recently proposed WSGG
model [1] that is based on the SNB RADCAL database was implemented as a user-defined
function (UDF) and employed in the combustion simulations. The WSGG model accurately
calculates the radiative properties of CO2 and H2O vapor mixtures that are encountered in
scenarios encompassing methane, natural gas or coal combustion under air-fired and oxy13

fired conditions. Both gray and non-gray formulations (with five gray gases) of the WSGGM
were employed in this study. We have previously demonstrated that radiative transfer
predictions employing the non-gray model when employed in conjunction with the discrete
ordinates (DO) method, compares well against line-by-line (LBL) benchmark data based on
the latest spectroscopic database (HITEMP 2010) that have been made available recently [1,
18]. The comparisons against the LBL benchmark data were carried out for a prototypical
problem that was representative of a laminar, oxy-methane diffusion flame with dry flue gas
recycle which is similar to the flames investigated in this study. The model was also shown
compare well against the EM2C SNB model calculations that have served as benchmark data
in three-dimensional geometries.
For the radiation boundary conditions, the stainless steel walls of the reactor were
assigned an emissivity of 0.98 at the inside walls of the reactor [15]. The external walls
(assigned an emissivity of 0.7) were assumed to radiate to the ambient air at 300 K and the
reactor wall temperature was established by an energy balance between the net radiative and
convective heat fluxes at the inside walls of the reactor and the net emission from the outside
wall of the reactor. The non-availability of the steady-state wall temperature profiles for all
the flames necessitated the adopting of a physically realistic thermal boundary condition.
Figure 2-1 compares the steady state axial wall temperature profile that evolved as a result of
the above imposed radiative boundary conditions for the different flames compared against
wall temperature measurements of the methane-air flame at Re 468 obtained from Ditaranto
et al [16]. First, the observed agreement between the numerical predictions and experimental
measurements is within 50K. Second, from Figure 2-1a the wall temperatures are seen to
depend on the fuel inlet Reynolds numbers. Higher Reynolds numbers result in larger flame
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lengths and flame volumes thereby resulting in higher wall temperature profiles. Figure 2-1b
compares the effect of oxidizer compositions (air and 70% O2-30% CO2) on the evolved wall
temperature profiles at the lowest and highest fuel inlet Reynolds numbers investigated in
this study. Although higher O2 concentrations result in higher flame temperatures, the flame
lengths decrease with increase in oxidizer compositions [15]. Therefore, at higher O2
concentrations, the net effect of increase in radiation due to higher flame temperature is
offset by a decrease in radiation due to a reduction in flame volume, thereby resulting in a
wall temperature profile identical to that obtained during methane-air combustion.
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Figure 2-1: Temperature profiles predicted along the height of the wall for: (a) MethaneAir flames at different fuel inlet Reynolds numbers; (b) Methane-Air flames and oxymethane flames at fuel inlet Reynolds numbers of 468 and 2340.
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2.3.3. Chemistry Modeling
The effects of high CO2 concentration encountered during oxy-combustion on the
methane combustion chemistry have been extensively studied [19, 20]. Glarborg and
Bentzen [19] proposed that oxy-fuel combustion will lead to strongly increased CO
concentrations in the near-burner region with the CO2 in the oxidizer stream competing with
O2 for the atomic hydrogen through the equilibrium reaction: CO2+HCO+OH and
resulting in the formation of more CO. Amato et al. [20] concluded that this CO2 destruction
reaction along with the destruction of O2 through the reaction O2+H O+OH were the
key reactions controlling the concentrations of CO2 and O2 in the post-flame zone. From a
radiative heat transfer perspective, these key reactions not only determine the concentrations
of the radiatively participating gases CO and CO2 but also alter the concentrations of the
O/H/OH radical pool which determine the rate of soot oxidation [21]. Furthermore, the
numerical predictions of the OH concentrations provide us with an estimate of the flame
length to enable comparisons against experimentally determined flame lengths. Due to the
computational cost associated with the use of detailed chemical mechanisms in CFD
simulations that enable an accurate prediction of these radicals, most of the previous
numerical investigations of oxy-methane diffusion flames have employed global reaction
mechanisms with rate parameters modified to oxy-combustion conditions [5, 22, 23]. While
global reaction mechanisms gave reasonable predictions of CO2, H2O and temperature they
failed to predict the CO concentrations accurately [23].
In this study, the non-adiabatic extension of the equilibrium PDF model was
employed in the calculations for modeling the chemistry. Here, the instantaneous
thermochemical state of a fluid is related to its mixture fraction and its enthalpy. The benefits
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of this model is that by assuming equal species diffusivities, the individual species
conservation equations reduce to a single “sourceless” conservation equation for the mixture
fraction as a result of the cancellation of the reaction source terms in the species equations
due to elemental conservation. This enables us to estimate the concentrations of minor
species such as OH as well as get accurate predictions of the flame temperature (which is
pivotal to estimating the radiant fractions) in a computationally efficient manner without the
need to resort to a detailed chemical mechanism that is applicable to oxy-combustion
conditions.
Under the assumption of chemical equilibrium, all thermochemical scalars (species
fractions, density, and temperature) are uniquely related to the mixture fraction(s) and the
value of each mass fraction, density and temperature were determined from calculated values
of mixture fraction, variance in mixture fraction and the enthalpy. Twenty chemical species
were considered in the equilibrium calculations (CH4, C2H2, CH3, C2N2, C2H6, C2H4, C4H2,
C3H3, HNC, C(s), CO, CO2, H2O, OH, N2, O2, H, O, HO2 and H2). An assumed shape
probability distribution function (PDF) was employed to describe turbulence-chemistry
interactions where the average value of the scalars is related to their instantaneously
fluctuating values. In this study, the shape of the PDF was described by the beta function.
2.4. Results and Discussion
2.4.1. Temperature and Flame Lengths
Figure 2-2 shows the temperature contours (in K) within the reactor at different
oxidizer compositions and at various Reynolds numbers. Although the calculations were
performed with both the gray and non-gray formulations of the WSGG model proposed by
Krishnamoorthy [1], the temperature contours in Figure 2-2 correspond to the results from
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the non-gray model. As expected and confirmed by experimental observations [16], the
flame length increases with increase in Reynolds number and the peak flame temperature
increases with an increase in O2 concentration in the oxidizer. Marked temperature gradients
are observed in the lower section of the furnace away from the flame particularly at higher
Reynolds numbers. This is indicative of buoyancy induced natural convection patterns within
the furnace. However, since the equilibrium PDF model assumes equal species diffusivities
and neglects Soret diffusion, a preliminary investigation of the importance of Soret diffusion
was carried out employing a 41-step reduced CH4-Air kinetic mechanism. The flame length
and radiant fraction predictions from employing the 41-step mechanism did not change as a
result of including Soret diffusion even in the 70% O2 flame where the highest temperatures
were encountered.
In this study, to determine the radiant fractions from these flames, the incident
radiative fluxes along the furnace walls were integrated. Due to these strong buoyant flows,
the wall integrated incident radiative fluxes did not converge to a constant value in these
larger Reynolds number flames when employed in a steady state calculation. Therefore, we
had to perform these calculations employing an unsteady solver as indicated previously to
obtain a

constant

value for

the wall
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integrated incident

radiative fluxes.

Figure 2-2: Temperature contours (in K) within the reactor at different oxidizer compositions: a) air, b) 40% O2 in CO2, c) 70% O2
in CO2.
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Figure 2-3 compares the radial temperature profile predictions at different axial
locations within the reactor for the oxy-methane flame (Re 1404; 35% O2 - 65% CO2
oxidizer composition) against experimental measurements from Mario et al. [16]. CFD
predictions are with the non-gray WSGGM. The observed agreement between the numerical
predictions and experimental observations is good, confirming the adequacy of our modeling
approach.

Figure 2-3: Radial temperature profiles at different axial locations within the reactor for the
Oxy-methane flame (Re 1404; 35% O2 - 65% CO2 oxidizer composition). CFD predictions
are with the non-gray WSGGM.

Figure 2-4 compares the radial temperature predictions between the gray and nongray WSGGM calculations in this flame. A soot model was not employed in these
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calculations. From Figure 2-4 it can be inferred that the differences in gas temperature
predictions between the gray and non-gray models are minimal at these oxidizer
compositions in oxy-methane flames.

Figure 2-4: Radial temperature profiles at different axial locations within the reactor for the
oxy-methane flame (Re 1404; 35% O2 - 65% CO2 oxidizer composition).
Since flame lengths are determined experimentally by OH radical emissions [24],
the flame centerline OH concentration profiles were employed in this study to estimate
the flame lengths numerically. Figure 2-5 compares the predicted flame lengths
employing gray and non-gray models against experimental measurements for the
different oxidizer composition streams and Reynolds numbers investigated in this study.
First, very good agreement is observed between numerical predictions and experimental
measurements with the agreement in general improving at higher Reynolds numbers.
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Second, the differences in flame length predictions between the gray and non-gray
radiation models are minimal. The percentage variation between the numerical
predictions of flame length employing the non-gray model and the experimental
observations are summarized in Table 2-1.While the experimental data show a linear
trend in flame length predictions as a function of the O2 concentrations in the oxidizer
stream, the deviations from the linear trend in our numerical predictions at 70% O2
concentration are likely due to the approximations inherent in the equilibrium PDF
model, namely that of equal species diffusivities. While this shortcoming is likely to
become less important with increase in Reynolds numbers, full multi-component
diffusion coefficients need to be employed in conjunction with a detailed chemistry
mechanism at diffusion-dominated laminar flow conditions. The improvement in the
results at higher Reynolds numbers demonstrate that the non-adiabatic extension of the
equilibrium PDF chemistry model in conjunction with the gray/non-gray formulation of
our recently proposed WSGGM may be successfully employed to predict the flame
lengths during oxy-combustion in larger scale reactors. The decrease in flame length with
the increase in O2 composition in the oxidizer stream may be attributed to the increased
temperature and radical diffusion encountered under those conditions. The increase in
stoichiometric mixture fraction at higher O2 compositions also alters the flame shape by
displacing the flame front closer to the centerline, where a lower degree of mixing has
been achieved [15].
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Figure 2-5: Flame length predictions employing gray and non-gray models as a function
of oxygen compositions in the oxidizer and fuel inlet Reynolds numbers.
Table 2-1: Percent variation between the numerical predictions of the flame length
and the experimental values for the gray and non-gray models.
O2
(% vol)

Gray (% error)

Non-Gray (% error)

Re 468

Re 936

Re 1404

Re 2340

Re 468

Re 936

Re 1404

Re 2340

21

18

9

1

4

18

8

1

4

35

18

9

4

1

18

9

4

1

40

16

23

11

2

16

23

11

2

50

0

11

7

0

3

11

7

0

60

17

13

8

0

14

13

2

0

70

38

27

19

7

38

27

11

7

Figure 2-6 shows the predicted axial OH profiles for three different oxidizer
compositions at Reynolds numbers of 468 and 2340. The OH concentrations are very
sensitive to the oxygen concentrations in the oxidizer increasing significantly with an
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increase in O2 concentration in the oxidizer. This trend which has been observed
experimentally as well [15, 25], may be attributed to the increase in temperature and the
availability of more oxygen atoms in the flames with the oxygen-enriched oxidizer.

Figure 2-6: Predictions of the axial variations in the OH mole fractions in different flames.
2.4.2. Radiant Fraction Predictions
Figure 2-7 compares the temperature profiles predicted along the height of the wall
employing gray and non-gray radiation models for the methane-air flames and oxy-methane
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flames (70% O2). The wall temperatures like the gas temperatures (cf. Figure 2-4) are not
sensitive to the gas radiative property model employed in the calculations.

Figure 2-7: Temperature profiles predicted along the height of the wall employing gray and
non-gray radiation models for: (a) Methane-Air flames; (b) Oxy-methane flames (70% O2).
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Figure 2-8 compares the numerical predictions of the radiant fraction in the flames at
various oxidizer compositions and Reynolds numbers. The radiant fraction was numerically
estimated as the surface integral of the incident radiative flux along the side walls divided by
the total thermal input of the various flames. The thermal input of the flames was computed
as the product of the low heating value of methane and its mass flow rate. Although, the
experimental measurements of the radiant fraction from Ditaranto and Oppelt [15] are also
shown in Figure 2-8, there are significant differences between the method that was employed
to estimate the radiant fraction experimentally and the numerical estimation adopted in this
study. Ditaranto and Oppelt [15] estimated the incident radiative heat flux measured by the
sensor by establishing a radiative energy balance at the sensor surface. By taking
measurements of the wall and gas temperatures and the gas composition profiles (CO, CO2
and H2O) around the flames at different heights, the radiant intensity incident on the sensor
surface from the non-homogenous, non-isothermal gas volume along the line-of-sight of the
sensor was estimated employing the SNB RADCAL. Next, the radiant intensities were
integrated over a hemisphere and multiplied by configuration factors calculated using a
Monte Carlo ray tracing method adapted to their reactor configuration. Therefore, a major
difference in the methodologies for estimating the radiant fraction between the two studies
stems from the fact that experimentally, a global gray-gas absorption coefficient (αg in [15])
estimated from the SNB RADCAL was employed to compute the incident radiation on the
sensor by solving the RTE in one-dimension, whereas in this study the RTE is being solved
in two-dimensional axisymmetric co-ordinate system with the gray and non-gray gas
absorption coefficients computed based on our recently proposed WSGGM. Second,
although the WSGGM is also based on the SNB RADCAL model, the computed gray gas
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absorption coefficients in the experimental study and this study could be significantly
different due to the differences in the radiation path-length or mean beam lengths employed
in the calculation to estimate the gas absorption coefficients from the total emissivities. In
one-dimensional RTE calculations, the path-length corresponds to the length of the radiant
ray whereas in our study the path-length corresponds to the geometric mean beam length of
the reactor geometry which is a function of the reactor volume and surface area. Finally, wall
temperature measurements were employed by Ditaranto and Oppelt [15] to correct for the
background radiation in the 1D radiation calculations. Differences between the measured
instantaneous wall temperatures and the numerically estimated steady state, wall temperature
for the various flames [cf. Figure 2-1 and Figure 2-7] could be an additional contributing
factor to the observed differences between the numerical prediction and experimental
observations in Figure 2-8. However, the experimentally observed trends of increase in
radiant fraction with increase in Reynolds numbers and the increase in oxygen
concentrations in the oxidizer are also predicted numerically. It is also evident from Figure
2-8 that the non-gray model predicts lower radiant fraction (as a result of lower incident
radiative flux predictions) than the gray model. Similar observations between the gray and
non-gray model predictions were reported by Yin [9] in simulations of oxy-combustion of
natural gas in large scale furnaces and by Nakod et al [10] in their simulations of oxy-coal
combustion in large scale furnaces.
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Table 2-2 displays the percentage deviation of the gray model estimates of the radiant
fraction from the corresponding non-gray radiant fraction estimates. At a given oxidizer
composition, the variations between the gray and non-gray model predictions increases with
decrease in Reynolds numbers. This is attributed to the fact that sharper temperature
gradients (as a result of smaller flame lengths) are encountered in the lower Reynolds
number flames while the peak temperatures and the average medium compositions remain
approximately the same at a given oxidizer composition. Since gray models are based on fits
to the total-emissivity data, they are very accurate in estimating the total gas emissivities and
therefore the radiative heat fluxes in homogeneous, isothermal media. However, as the nonhomogeneities and temperature gradients increase, the gray models are found to be less
accurate [26].
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Figure 2-8: Radiant fraction loss predictions employing gray and non-gray models at various
oxidizer compositions and Reynolds numbers.
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Table 2-2: Percentage deviation of the gray model estimates of the radiant fraction from
the corresponding non-gray radiant fraction estimates.
O2 (% vol)
21
35
40
50
60
70

Gray/Non-gray % variation
Re 468
Re 936

Re 1404

Re 2340

77
42
44
46
49
51

53
23
24
26
29
68

30
17
11
50
28
26

57
29
30
34
39
37

2.4.3. Effects of Soot Model
As observed in Figure 2-8, at a given Reynolds number, the radiant fraction increases
with an increase in oxygen concentration in the oxidizer. The flame temperature increases
with the increase in oxygen composition in the oxidizer but the flame length decreases.
Ditaranto and Oppelt [15] attributed this to an increase in the soot inception rates at higher
oxygen concentrations that results in higher soot concentrations and therefore higher soot
emissions in the oxygen-rich flames. While our simulations in Figure 2-8 that were carried
out without any soot models were able to qualitatively capture the observed experimental
trends in radiant fraction, the effect of including soot in the calculations was investigated
next. The implementation of the Moss-Brooks soot model [27] in ANSYS FLUENT that has
mainly been developed and validated for methane flames was employed to predict the soot
volume fractions in the different flames. Figure 2-9 compares the axial soot volume fraction
predictions employing the non-gray model at Reynolds number 468 and 2340 for several
oxidizer compositions. Contrary to the deductions of Ditaranto and Oppelt [15], the soot
volume fraction decreases with higher oxygen in the oxidizer possibly due to the increased
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oxidation of soot by the OH radicals [cf. Figure 2-6]. Soot formation rates however have
been observed to increase with increase in Reynolds numbers due to shorter residence times
and incomplete mixing.
Figure 2-10 shows the effect of including the soot participation in the radiant fraction
calculations performed employing the non-gray WSGGM. As a result of the low soot volume
fractions predicted in the simulations, the presence of soot is observed to have a negligible
effect on the radiant fraction predictions.
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Figure 2-9: Soot volume fraction predictions employing the non-gray model at Reynolds
number 468 and 2340 for several oxidizer compositions.
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Figure 2-10: Effect of soot on the radiant fraction at Re 468 and Re 2340.
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2.4.4. Turbulence Radiation Interaction (TRI) Model
It is well known that accounting for TRI could result in an enhancement in the
radiative fluxes in diffusion flames. This has been attributed more due to the temperature
fluctuations in the emission term rather than the fluctuations in the absorption coefficients in
both optically thin as well as optically thick systems [28, 29]. The current state of the art in
modeling TRI has been reviewed by Coelho [30]. TRI effects are generally accounted for
using the time-averaged radiative transport equation (RTE) or the Monte Carlo method that
rely on the optically thin fluctuation approximation by neglecting the correlation between
fluctuations of the absorption coefficient and the fluctuations of the radiation intensity. In
this study, a preliminary investigation of TRI is carried out by assuming that the effects of
TRI are dominated by the fluctuations in the temperature or the temperature self-correlation
term. The essence of computing the temperature self-correlation in TRI models reduces to
the calculation of T 4 in the emissive power term in the time-averaged RTE. Burns [31]
showed that T 4 can be approximated from mean and standard deviation (root-mean-square,
rms) of temperature by expanding the Planck’s black body emissive power in a Taylor series
about the mean temperature and time averaging. Accordingly, the mean temperature and Trms
fields were then employed to obtain time-averaged black body emissive power according to
the relation:
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2 

T
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Equation 2-1

In this study, preliminary investigations of TRI were carried out in the methane
flames by modifying the emissive power term in the RTE according to Equation 2-1 through
a user-defined-function in ANSYS FLUENT version 12. This was done to ascertain that TRI
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modeling does not significantly affect the fidelity of our calculations. Figure 2-10 shows the
emission enhancement in different flames (the left hand side of Eq. 1) that arise as a result of
temperature fluctuations due to turbulence. It is worth noting that the emission enhancement
in these flames is localized to the flame sheet. However, they can be significant at the flame
sheet where an enhancement of up to 2.5 times is observed. However, due to the localized
enhancement, the radiative fluxes at the walls (and consequently the radiant fractions) did
not change as a result of including the TRI model. However, in more turbulent systems
where the temperature fluctuations are more prevalent, the TRI models may affect the wall
radiative fluxes [1]. Furthermore, the localized emission enhancement in these flames may
play an impact in determining the local flame temperatures and consequently the formation
of soot, NOx and flame extinction in more strongly radiating systems.
As a result of the low Froude numbers, the investigated flames are buoyancy
dominated, resulting in fluctuations in the flow and temperature fields. To investigate if the
low frequency fluctuations that are not captured in a RANS simulation employing the 2D
axisymmetric assumption have an impact on our predictions, 3D Large Eddy Simulations
(LES) employing 1.7 million computational cells of the flame at Re 1404 and 21% O2
oxidizer concentration were carried out. The calculations resulted in the same flame length as
that of the 2D RANS calculation reported in this study. Furthermore, the LES calculations in
conjunction with the contours of emission enhancement shown in Figure 2-11 confirmed that
the importance of TRI resulting from these fluctuations and its subsequent impact on the
radiant fraction predictions was not significant in these flames.
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Figure 2-11: Emission enhancement due to TRI in different flames
2.5. Conclusions
An assessment of different radiation modeling strategies was carried out through
simulations of twenty-four, laminar to transitional, air-methane and oxy-methane diffusion
flames in a lab-scale furnace. User-defined functions were implemented for: gray and nongray formulations of a recently proposed WSGG radiative property model for the gas-phase
and a turbulence radiation interaction model for the temperature fluctuations. The effect of
soot was also investigated by employing the Moss-Brookes soot model. The numerical
predictions were compared against experimental measurements of: wall temperature, gas
temperature, flame lengths and radiant fractions. The results lead to the following
conclusions:
1. By modeling the gas-phase chemistry using the non-adiabatic extension of the
equilibrium based mixture fraction approach, an adequate agreement was obtained between
the numerical predictions and experimental measurements of the gas and wall temperatures.
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These temperature predictions however were not sensitive to the gas radiative property
model.
2. Numerical predictions of the flame length determined through the axial profiles of OH
were in good agreement against the experimental measurements. The numerical predictions
confirmed with the experimental observations of: increase in flame lengths with increase in
fuel-inlet Reynolds numbers and a decrease in flame length with the increase in O2
composition in the oxidizer stream attributed to a decrease in stoichiometric mixture fraction
at higher O2 compositions that displaces the locus of flame front to regions where a lower
degree of mixing has been achieved. The flame length predictions were also not sensitive to
the radiative property model employed in the calculations.
3. The radiant fractions of the flames were numerically estimated from the surface integral
of the incident radiative fluxes along the side furnace walls. The radiant fraction was
experimentally determined through line-of-sight measurements of wall temperature, gas
temperature and radiatively participating gases employing the SNB model RADCAL. The
methodological differences between the experimental and numerical approaches precluded a
direct comparison of the two radiant fraction estimates. However, the observed experimental
trends of increase in radiant fractions with the increase in Reynolds numbers and oxygen
concentrations were numerically replicated. The non-gray model calculations predicted a
lower radiant fraction than the gray model calculations with the variations between the gray
and non-gray model predictions increasing with decrease in Reynolds numbers. This is
attributed to sharper temperature gradients encountered in the smaller flames at lower
Reynolds numbers. The effect of soot in the simulations was assessed by employing the
Moss-Brookes soot model. At a given oxidizer composition, the computed soot volume
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fractions were found to increase with increase in Reynolds numbers due to shorter residence
times and incomplete mixing. However, with the increase in oxygen concentrations in the
oxidizer, the soot volume fraction decreases due to the increase in oxidation rate of soot by
the OH radicals. As a result of the low soot volume fractions predicted in the simulations, the
presence of soot had a negligible effect on the radiant fraction predictions in these methane
diffusion flames.
4. A preliminary investigation of TRI was carried out by assuming that the effect of TRI
was dominated by the fluctuations in the temperature or the temperature self-correlation
term. The emission enhancement due to the temperature fluctuations was found to be
localized to the flame sheet. As a result, including the TRI model did not affect our radiative
flux predictions.
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3. AN EXPERIMENTAL AND NUMERICAL STUDY OF CONFINED,
LAMINAR, DIFFUSION, OXY-METHANE FLAMES

ABSTRACT

Experimental measurements and computational fluid dynamic (CFD) simulations of
three, confined, laminar (Rejet 1404), diffusion, methane flames in oxidizer compositions of:
21% O2 – 79% N2, 35 % O2 - 65% CO2 and 50% O2 – 50 % CO2 are reported in this chapter.
The accuracies of three gas-phase chemistry models were assessed by comparing their
predictions against experimental measurements of temperature, specie concentrations and
flame lengths. The chemistry was modeled employing the Eddy Dissipation Concept (EDC)
employing a 41-step detailed chemistry mechanism, the non-adiabatic extension of the
equilibrium Probability Density Function (PDF) based mixture-fraction model and a twostep global finite rate chemistry model with modified rate constants proposed to work well in
oxy-methane flames.
Results from the EDC and equilibrium PDF models were in reasonable agreement
against experimental measurements of O2, CO2 and gas temperature at all oxidizer
compositions. However, all three models failed to adequately predict the CO concentrations.
Both the EDC and equilibrium PDF models correctly predicted increases in CO, OH and O
concentrations with increase in oxygen concentration in the oxidizer. When flame lengths
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were determined by the axial OH concentrations, the equilibrium PDF model predictions
agreed more closely with experimental observations compared to those from the EDC model.
An investigation into the importance of the Soret effect revealed that thermal diffusion
affects the temperature and peak OH and CO concentrations in the fuel rich regions with its
impact increasing with oxidizer oxygen concentrations and flame temperatures. However it
does not have a significant impact on the predicted flame lengths.
Based on the results from this study, the equilibrium PDF model in conjunction with
a high-fidelity non-gray model for the radiative properties of the gas-phase may be deemed
as accurate to capture the major gas species concentrations, temperatures and flame lengths
in oxy-methane flames with long chemical residence times whereas simulations employing
detailed chemistry mechanisms that take into effect thermophoresis need to be
developed/validated to accurately predict pollutant concentrations such as CO, NOx and soot.

3.1. Introduction
3.1.1. Oxy-methane combustion chemistry
In terms of the gas phase chemistry during oxy-combustion of methane which is the
focus of this study, the primary impact of an oxy-combustion atmosphere is the participation
of CO2 through the reaction: CO2+HCO+OH. This could result in the CO2 in the
oxidizer stream competing with O2 for the atomic hydrogen through the equilibrium reaction:
CO2+HCO+OH and result in the formation of more CO especially in the near burner
region [1]. Although the high CO concentrations initially formed eventually gets oxidized,
Amato et al [2] concluded that the CO2 and H destruction reactions along with the
destruction of O2 through the reaction O2+H O+OH were the key reactions controlling
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the concentrations of CO2 and O2 in the post-flame zone. While high local concentrations of
CO may contribute to the near-burner corrosion, high O2 concentrations in the flue gases
translate to higher costs associated with the generation of a pure O2 stream. Furthermore,
accurate predictions of the H, O and OH concentrations are also critical for predicting the
NOx and soot concentrations in oxy-flames as these radicals control the oxidation and
reduction of these pollutants [3 - 5].
Gas-phase radiative property models in the form of weighted-sum-of-gray-gases
(WSGG) coefficients based on different spectroscopic databases [6-9] have been proposed
and validated in some instances against line-by-line benchmark calculations. Similarly, the
kinetic parameters in previously proposed 2-step and 4-step global kinetic mechanisms for
methane combustion [10, 11] have been refined and employed in oxy-combustion scenarios
[12 - 14]. Table 3-1 summarizes the results from CFD simulations of oxy-methane/natural
gas combustion employing these refined chemistry and radiation models.
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Table 3-1: A summary of previous CFD studies of oxy-methane/natural gas combustion.

Most of the investigated systems are turbulent and at a semi-industrial scale where
the predictions are impacted by the interplay and accuracies of the turbulence, radiation and
the chemistry models. Furthermore, while global chemistry models were deemed to be
accurate in industrial applications, detailed chemistry models that account for dissociation
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were found to be necessary to accurately predict pollutant formation. In order to carry out a
rigorous assessment of chemistry models in oxy-combustion scenarios, experimental and
numerical results from three, confined, laminar, diffusion methane flames are reported in this
study. By considering a laminar system we minimize the impact of turbulence and the
uncertainties associated with turbulence models. In a previous study we had carried out an
assessment of radiation models in these flames by comparing the predictions from gray and
non-gray radiation models against experimental measurements of radiant fractions and flame
lengths [22]. By employing a soot model in that study we had determined that the impacts of
soot and its influence on the temperature measurements were minimal and the soot
concentrations only decreased with increase in oxygen concentration in the oxidizer.

3.2. Experimental Conditions
Geometric details of the furnace and flow boundary conditions associated with the
oxy-flames reported in this study may be found in Ditaranto and Oppelt [23] and is only
briefly described here. The furnace consists of a fuel nozzle of diameter 5 mm, oxidizer
nozzle of diameter 100 mm enclosed in combustion chamber of 350 mm and 100 mm in
length with stainless steel walls. The large dimension of the furnace relative to that of the
flame minimized interaction and perturbation of the flow with the wall. The oxidizer gas was
sent through a series of perforated plates to ensure uniform velocity distribution. The inside
faces of the stainless steel walls of the reactor were coated with a blackbody paint of
emissivity 0.98. The temperature and gas concentration (CO2, O2, and CO) profiles around
the flames were measured at different axial heights and in a radial direction from the wall
until the vicinity of the outer limit of the flame as defined as when the CO concentration
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increased sharply. Local gas was sampled with a quartz probe and analyzed with
conventional gas analyzers and the temperature profiles were obtained by transversing
radially four equally spaced 500 µm fine bead thermocouples in the gas layer. In this study,
experimental measurements of temperature and major chemical species (CO2, O2, and CO)
are reported for three laminar flames with oxidizer compositions of 35% and 50% O2 in CO2
as well as air at a fuel Reynolds number of 1404. Obtaining reliable species profiles within
the flames in small laboratory flames requires non-intrusive laser diagnostics, which were
not applied in this study. The usage of the sampling probe was therefore been limited to
regions where its measurements could be trusted.
The co-flow velocity and fuel velocity were maintained at 0.25 m/s and 4.6 m/s,
respectively. The inlet temperature of the fuel was maintained at 288 K for the fuel densities
to match the fuel inlet Reynolds number of 1404. The temperature of the CO2 supply was
observed to be strongly dependent on the flow rate and the pressure in the liquid CO2
container due to its sensitivity to Joule-Thomson effects. Consequently, some temperature
fluctuations in the co-flow plenum were observed and an average co-flow temperature of 288
K was therefore employed in the simulations. Although these variations in the co-flow
temperatures can strongly influence local flame extinction and lift-off characteristics, they
were anticipated to play a minimal impact on the results and conclusions reported in this
study.

3.3. CFD Modeling Approach
3.3.1. Geometry and Mesh
The CFD simulations were carried out using the commercial code ANSYS FLUENT
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[24]. The furnace was modeled in a 2D axisymmetric domain to take advantage of the
symmetry of the problem. The geometry was meshed employing 30,700 hexahedral control
volumes. Further refinement of the mesh to 263,000 control volumes did not change the
results reported in the study. The flames in this study were determined to be in the buoyant
regime since their laminar Froude numbers were less than unity [23]. Therefore, the
pressure-velocity coupling was accomplished using the SIMPLEC algorithm which we have
determined from past experience to perform well in such buoyancy driven enclosure flows.
The PRESTO and QUICK schemes were employed for the spatial discretization of the
pressure and momentum terms respectively since hexahedral cells were employed in the
calculations [24]. Strong recirculation patterns were observed numerically and
experimentally (via a decrease in gas temperature close to the walls as a result of downward
flow). Therefore, in order to obtain steady-state converged results in the CFD simulations to
compare against experimental measurements necessitated the utilization of the standard k-ε
turbulence model. Furthermore, simulations of flames with fuel Reynolds numbers in the
range Re 468 to Re 2340 are reported in this study and the utilization of the standard k-ε
turbulence model ensured consistency in the modeling procedure across all the flames
investigated in this study. Furthermore the values of y-plus along the boundaries indicated
that the flow was being well resolved. Investigations of turbulence-radiation interactions in
these flames along with the very low values of the mixture fraction variance computed
outside the flames in the simulations reported in chapter 2 also re-affirm that the utilization
of a turbulence model in the simulations has very little bearing on the results and conclusions
reported in this chapter.
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3.3.2. Radiation Modeling and Boundary Conditions
The radiation was modeled by solving the radiative transport equation (RTE)
employing the Discrete Ordinate (DO) model. The angular discretization was carried out by
employing a 4 x 4 theta x phi discretization. The adequacy of this angular resolution was
established by determining that the reported variables did not change with any further
increase in angular resolution. To determine the radiative property of the gas mixture, a
recently proposed WSGG model [8] that is based on the Statistical Narrow Band Model
RADCAL was implemented as a user-defined function (UDF) and employed in the
combustion simulations. The WSGG model accurately calculates the radiative properties of
CO2 and H2O vapor mixtures that are encountered in scenarios encompassing methane,
natural gas or coal combustion under air-fired and oxy-fired conditions. Non-gray
formulations (with five gray gases) of the WSGGM were employed in this study [8, 25].
For boundary conditions for the radiation model, the stainless steel walls of the
reactor were assigned an emissivity of 0.98 at the inside walls of the reactor [23]. The
external walls (assigned an emissivity of 0.7) were assumed to radiate to the ambient air at
300 K and the reactor wall temperature was established by an energy balance between the net
radiative and convective heat fluxes at the inside walls of the reactor and the net emission
from the outside wall of the reactor. The non-availability of the steady-state wall temperature
profiles for all the flames necessitated the adopting of a physically realistic thermal boundary
condition. The utilization of these boundary conditions has been validated in our previous
study [22]. An additional set of simulations was carried out employing a constant wall
temperature of 350 K. The reported results in this study did not change significantly as a
result of the change in wall boundary conditions and does not alter our conclusions in
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anyway.

3.3.3. Chemistry Modeling
Based on the recent studies summarized in Table 3-1, it is evident that particular
attention is needed when choosing the turbulent-chemistry interaction and the kinetic
mechanism to be used when simulating an oxy-methane flame. The turbulence-chemistry
interaction could be accounted for employing several approaches such as: the Eddy
Dissipation Concept (EDC), the laminar flamelet model and the equilibrium PDF based
mixture-fraction model. In this study, the EDC, finite rate chemistry (FR) and equilibrium
PDF models were used to solve for the combustion chemistry.
In the EDC model, chemical reactions are assumed to take place in small turbulent
structures referred to as fine scales. This is based on the turbulent energy cascade where
large eddies break up into smaller eddies. The fine scales are then treated as constant
pressure reactors where the combustion occurs. The concentration of species is then
calculated by integrating the chemistry within these fine scales. This is undertaken by
modeling the volume fraction of these fine structures in which the reactions take place, the
time-scale for mass transfer from the fine structure to the surrounding fluid as functions of
the turbulent kinetic energy (k) and turbulent dissipation rates (ε). However, the validity of
the EDC model is limited to turbulent Reynolds numbers greater than 64 [26, 27]. The
turbulent Reynolds number is a function of the fluid density, distance to the near wall,
turbulent kinetic energy and the laminar viscosity of the fluid [24]. Due to the small flame
lengths encountered in this study, the turbulent Reynolds numbers were greater than 64 in
the majority of the furnace and within the flame. However, there were regions just outside
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the flame and in a thin section close to the wall where this requirement was not met. The
implications of this on the CO predictions are discussed later. In this study, Smooke’s
skeletal mechanism [28] for methane combustion which consists of 33 reactions and 17
species was used to represent the chemistry associated with the EDC model. The k and ε
turbulence terms are used to solve for the size of the fine scales and the chemical residence
time.
In chapter 2, we had deemed the appropriateness of employing the non-adiabatic
formulation of the equilibrium PDF based mixture-fraction model (denoted as PDF) for these
buoyant enclosure flames. The flame length and temperature predictions were found to agree
well with the experimental measurements as well as trends at different oxidizer compositions
and fuel inlet Reynolds numbers. In the mixture fraction approach, the instantaneous
thermochemical state of a fluid is related to its mixture fraction and its enthalpy. The benefits
of this model is that by assuming equal species diffusivities, the individual species
conservation equations reduce to a single “sourceless” conservation equation for the mixture
fraction as a result of the cancellation of the reaction source terms in the species equations
due to elemental conservation. This enabled us to estimate the concentrations of minor
species such as OH as well as get accurate predictions of the flame temperature in a
computationally efficient manner without the need to resort to a detailed chemical
mechanism that is applicable to oxy-combustion conditions. Under the assumption of
chemical equilibrium, all thermochemical scalars (species fractions, density, and
temperature) are uniquely related to the mixture fraction(s) and the value of each mass
fraction, density and temperature were determined from calculated values of mixture
fraction, variance in mixture fraction and the enthalpy. Twenty chemical species were
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considered in the equilibrium calculations (CH4, C2H2, CH3, C2N2, C2H6, C2H4, C4H2, C3H3,
HNC, C(s), CO, CO2, H2O, OH, N2, O2, H, O, HO2 and H2). An assumed shape probability
distribution function (PDF) was employed to describe any turbulence-chemistry interactions
where the average value of the scalars is related to their instantaneously fluctuating values. In
this study, the shape of the PDF was described by the beta function. 80 points in the mixture
fraction and variance in mixture fraction space and 121 points in the enthalpy space were
employed to carry out the interpolations and integrations within the PDF model.
The FR chemistry modeling in this study was carried out employing the global
kinetic parameters reported for the Westbrook and Dryer (WD) mechanism in Yin et al. [13].
The original unmodified kinetic parameters [24] were employed in the methane-air flame
whereas the modified rate constants were employed in the oxy-methane flame simulations.

3.4. Results and Discussion
Radial measurements of temperature, CO, CO2 and O2 outside the flame region were
made at several axial locations in the three flames and are reported in this study. The CFD
predictions are then compared against the experimental results.

3.4.1. Temperature
Figure 3-1 to Figure 3-3 compare the numerical temperature predictions against
experimental measurements along the radial direction at four different axial locations for
both air and oxy- combustion cases. The axial centerline (r = 0) corresponds to the flame
center. The experimentally measured flame lengths in these flames were reported to be
482 mm, 434 mm and 373 mm respectively. In Figure 3-1, predictions from all three
chemistry models are seen to agree well against experimental measurements. Variations
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between the models are more pronounced at lower axial and radial distances closer to the
centerline axis. The finite rate (FR) chemistry model by virtue of limited dissociation
predicts higher temperature than the PDF and EDC based approaches. The EDC based
approach incorporates multiple minor species that may have slower rates of formation
and are not yet at their equilibrium concentrations at smaller residence times or lower
axial distances. Hence, its temperature predictions are also slightly higher than the
equilibrium PDF approach at lower axial distances. However, predictions from all 3
models start converging to the same values at large residence times in the post-flame
zone when all of the combustion products attain equilibrium as well as in the fuel lean
regions outside the flame. The trends in the temperature predictions in the oxy-flames
shown in Figure 3-2 and Figure 3-3 are consistent with those observed in Figure 3-1. In
the oxy-flames, the models converge to the same temperature values at lower axial
distances since the flame lengths are shorter and decrease with an increase in oxygen
concentration in the oxidizer stream [22]. The equilibrium based mixture fraction and
EDC models show a slightly better agreement with experimental measurements outside
the flame.
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Figure 3-1: Radial temperature profiles at different axial locations for the air-methane
flame
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Figure 3-2: Radial temperature profiles at different axial locations for the Oxy-methane
flame (35% O2 - 65% CO2).

Figure 3-3: Radial temperature profiles at different axial locations for the Oxy-methane
flame (50 % O2 - 50% CO2).
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3.4.2. CO2
Figure 3-4 to Figure 3-6 compare the numerical variations in CO2 concentrations
(mol % dry basis) against experimental measurement along the radial direction at four
different axial locations for both air and oxy-fuel combustion cases. Corresponding to the
temperature plot, the finite rate chemistry model over-predicts the CO2 at lower axial
distances and therefore at small flame residence times whereas the EDC and PDF models
converge to the correct value at large residence times. The finite rate chemistry model with
the modified WD rate constants while performing well in the 35 % O2 – 65 % CO2 oxyflame, over-predicts the CO2 concentrations in the 50 % O2 – 50 % CO2 oxy-flame.

Figure 3-4: Radial CO2 profiles at different axial locations for the air-methane flame.
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Figure 3-5: Radial CO2 profiles at different axial locations for the oxy-methane flame (35%
O2 - 65% CO2).

Figure 3-6: Radial CO2 profiles at different axial locations for the oxy-methane flame (50 %
O2 - 50% CO2).
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3.4.3. O2
Figure 3-7 shows the predicted radial variations in the O2 concentrations (mol % dry
basis) against experimental measurements. While reasonable agreement with the
experimental predictions is obtained from the EDC and equilibrium PDF based approaches,
the finite rate chemistry model with the modified WD rate constants while performing well
in the 35 % O2 – 65 % CO2 oxy-flame, under-predicts the O2 concentrations in the 50 % O2 –
50 % CO2 oxy-flame.

Figure 3-7: Radial O2 profiles at different axial locations for the air and oxy-flames
investigated in this study.
3.4.4. CO
Figure 3-8 shows the predicted radial variations in the CO concentrations (ppm dry
basis) against experimental measurements. First, predictions from all chemistry models do
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not agree well against experimental measurements. While all three models, correctly predict
high CO concentrations in the fuel-rich regions within the flame, only the EDC model
predicts CO in the fuel-lean regions outside the flame. The EDC model predictions however
are more than an order of magnitude higher than the experimental measurements. We believe
that this is a consequence of employing the EDC model in those localized regions outside the
flame where the turbulent Reynolds number was less than 64. The equilibrium CO
emissions in oxy-combustion systems are largely determined by the equilibrium CO + OH
 CO2 + H. Therefore, predicting the radical concentrations is critical to obtaining
accurate estimates of CO.
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Figure 3-8: Radial CO profiles at different axial locations for the air and oxy-flames
investigated in this study.
A hybrid EDC-FR kinetics model that calculates an effective reaction rate by
appropriating weighting the laminar FR reaction rate and the turbulent reaction rate
depending on the local turbulent Reynolds number of the flow was recently proposed by
Shienejadhesar et al. [28]. In the methane-air flames that were investigated, the hybrid model
was shown to improve estimates of radicals in comparison to the standard EDC model when
they were both compared against experimental measurements. We believe that an improved
agreement in CO predictions may be obtained by the hybrid model or by employing a more
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detailed chemistry mechanism as demonstrated by Bennett et al. [21] (cf. Table 3-1).
The equilibrium CO + OH  CO2 + H also implies that higher CO2
concentrations, lead to larger equilibrium CO emissions. This trend is reflected in the axial
variations in CO predicted by the chemistry models shown in Figure 3-9 for the three flames.
The predictions from the global finite rate chemistry model with modified WD rate constants
are seen to be comparable to those of the equilibrium mixture fraction and EDC model
predictions in the oxy-flames along the fuel-rich axial centerline. This is in agreement with
those of Anderson et al. [12] and Yin et al. [13] where an improved temperature and CO
agreement was obtained with the refined global chemistry mechanisms.

Figure 3-9: Axial CO profiles for the air and oxy-flames investigated in this study.
3.4.5. OH and Flame Lengths
Experimentally determined luminescence from the OH radical is often employed to
determine flame lengths. Furthermore, the concentrations of pollutants such as NOx and soot
are greatly determined by OH concentrations. In oxy-combustion scenarios an increase in
OH concentrations with an increase in CO2 in the oxidizer stream is expected as per the
reaction CO + OH CO2 + H in the fuel rich regions [5]. Similarly, OH concentration
increase with increase in O2 concentration in the oxidizer stream is also expected as a result
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of the O2+H O+OH reaction. However, it is important to note that in the oxy-flames
investigated in this study, an increase in O2 concentrations in the oxidizer is accompanied by
a corresponding decrease in the CO2 concentrations.
Figure 3-10, compares the centerline predictions of the OH radical in the three flames
investigated in this study. An increase in the oxidizer O2 concentrations in the oxy-flames
results in a corresponding increase in the OH concentrations which is consistent with the
observations in previous studies [23, 29]. The gradients in the OH concentrations along the
flame axis are higher along with peak values in the EDC calculations compared against the
equilibrium PDF approach. Figure 3-11, compares the numerical predictions of the flame
lengths by the EDC and equilibrium PDF approaches as determined by the axial location
where the OH concentration approximately reaches zero compared against experimental
measurements. While both the equilibrium PDF and EDC models replicate the experimental
observations of a decrease in flame lengths with increase in O2 concentrations, the agreement
is with experiments is better with the equilibrium PDF approach. The EDC model
predictions results in an under-prediction of the flame lengths.
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Figure 3-10: Axial OH profiles for the air and oxy-flames investigated in this study.

Figure 3-11: The sensitivity of flame length predictions to the choice of chemistry model for
the air and oxy-flames investigated in this study.
Figure 3-12 shows the axial variation in the O radical concentrations in the three
flames. Again, in accordance with the equilibria established by O2+H O+OH, an
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increase in the oxidizer O2 concentration results in an increase in O radicals. Furthermore, in
the EDC model the oxidation of CO was determined by the reactions: CO + OH CO2 +
H and CO+O+M   CO2+M. The second reaction is strongly exothermic and will
therefore be favored at lower temperatures. Consequently, since the CO oxidation is
dependent on the availability of OH and O radicals, it is interesting to note that the CO
oxidation is limited to those flame residence times where OH and O are present and any unoxidized CO in the post-flame zone will remain so in the EDC model calculations. The
reported trends in the OH concentrations reported in this study, confirm previous findings
regarding pollutant formation that an increase in oxidation of soot through OH is expected in
oxy-flames which was confirmed in our previous study of radiative transfer from these
flames [22].

Figure 3-12: Axial O profiles for the air and oxy-flames investigated in this study.
3.4.6. Soret Effect
One of the shortcomings of the equilibrium PDF model is that it assumes equal
species diffusivities and neglects thermophoresis (Soret effect) that might become important
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when higher temperatures are encountered in the oxygen-enriched flames. While all the
previously reported figures in this chapter accounted for Soret effect in the EDC calculations,
Figure 3-13 compares the axial CO, OH and temperature variations in the three flames in the
EDC model calculations with and without accounting for Soret effect in the calculations. The
results indicate that with an increase in oxygen concentration in the oxidizer, the peak flame
temperature increases and the flames get shorter. As a result, the temperature gradients
increase and the Soret effect becomes more important in the oxy-flames. However, the Soret
effect is seen to primarily affect only the peak concentrations and not the flame lengths. This
is consistent with our previous findings where the flame length and radiant fraction
predictions from employing the 41-step mechanism did not change as a result of including
Soret effect even in an oxy-methane flame with 70% O2 composition in the oxidizer where
the highest temperatures were encountered.
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Figure 3-13: Axial CO, OH and temperature variations in the three flames in the EDC model
calculations with and without accounting for Soret effect in the calculations.
3.5. Conclusions
Experimental measurements and computational fluid dynamic (CFD) simulations of
three, confined, laminar (Rejet 1404), diffusion, methane flames in oxidizer compositions of:
21% O2 – 79% N2, 35 % O2 - 65% CO2 and 50% O2 – 50 % CO2 are reported in this study.
The chemistry was modeled employing the Eddy Dissipation Concept (EDC) employing a
41-step detailed chemistry mechanism, the non-adiabatic extension of the equilibrium
Probability Density Function (PDF) based mixture-fraction model and a two-step global
finite rate chemistry model with modified rate constants proposed to work well under oxymethane conditions. Based on the results from this study the following conclusions may be
drawn:
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1. Results from all the chemistry models were in reasonable agreement against the
experimental measurements of O2, CO2 and gas temperatures outside the flames at all
oxidizer compositions. However, the CO predictions by the chemistry models were not
that accurate. Although only the EDC model predicted CO in the fuel-lean regions
outside the flame, the predictions were higher than the experimental measurements. This
was likely a consequence of employing the EDC model in those localized regions outside
the flames where the turbulent Reynolds number was less than 64. Moreover, variations
in the centerline temperature predictions among the models were observed at lower axial
locations.
2. The global finite rate chemistry model by virtue of limited dissociation predicted higher
temperature than the PDF and EDC based approaches. The global finite rate chemistry
model with the modified WD rate constants while predicting the CO2 and O2
concentrations well in the 35 % O2 – 65 % CO2 oxy-flame, deviates from their measured
values in the 50 % O2 – 50 % CO2 oxy-flame. This is likely due to the fact that the
refined kinetic parameters employed in the global finite rate chemistry model have been
validated for highly turbulent scenarios and not for the laminar or laminar to transitional
flames that were investigated in this study.
3.

However, predictions from all 3 models in general are similar at large residence times in
the post-flame zone when all of the combustion products attain equilibrium as well as in
the fuel lean regions outside the flame. Furthermore, all models qualitatively predicted
increase in CO concentrations with an increase in oxidizer CO2 concentrations as
observed in previous studies.
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4. In contrast to previous studies, the CO predictions from all three chemistry models in
these flames do not agree well against experimental measurements. This is probably
attributed to the longer flame residence times and lower CO concentrations encountered
in these flames. However, all three models qualitatively predicted increase in CO
concentrations with an increase in oxidizer CO2 concentrations.
5. Both the EDC and equilibrium PDF models correctly predicted increases in OH and O
concentrations with increase in oxygen concentration in the oxidizer. When flame
lengths were determined by the axial OH concentrations, the equilibrium PDF model
predictions agreed more closely with experimental observations compared to those from
the EDC model.
6. An investigation into the importance of the Soret diffusion revealed that thermophoresis
has an effect on the flame temperature and peak OH and CO concentrations in the fuel
rich regions. As anticipated its impact increases with an increase in peak flame
temperatures and decrease in flame lengths that is associated with an increase in oxidizer
oxygen concentrations. However, it does not have a significant impact on the flame
length predictions.
Based on the results from this study the use of the equilibrium PDF in conjunction
with a high-fidelity non-gray model for the radiative properties of the gas-phase may be
deemed as accurate to capture the major gas species concentrations, temperatures and flame
lengths in oxy-methane flames with long chemical residence times whereas detailed
chemistry mechanisms with Soret effect need to be developed/validated to accurately predict
pollutant concentrations such as CO, NOx and soot.
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4. PREDICTING RADIATIVE HEAT TRANSFER IN OXY-METHANE
FLAME SIMULATIONS: AN EXAMINATION OF ITS
SENSITIVITIES TO CHEMISTRY AND RADIATIVE PROPERTY
MODELS

ABSTRACT

To account for the thermal and chemical effects associated with the high CO2
concentrations in an oxy-combustion atmosphere, several refined gas-phase chemistry and
radiative property models have been formulated and validated for laminar to highly,
turbulent systems. However, significant turbulent interactions, “emission only” radiation
modeling assumptions or the range of temperatures that were encountered in previous studies
could have masked the variations that could potentially arise among these models
predictions. This is demonstrated in this study by examining the variations in radiative
transfer predictions due to the choice of chemistry and gas-phase radiative property models
employed in computational fluid dynamic (CFD) simulations of laminar to transitional oxymethane flames.
The gas-phase chemistry was modeled employing: a mixture-fraction based
approach, the Eddy Dissipation Concept (EDC) and global finite rate chemistry models. The
radiative properties were estimated employing four weighted-sum-of-gray-gases models
(WSGGM) that were formulated employing different spectroscopic/model databases.
An average variation of 14 – 17% in the wall incident radiative fluxes was observed
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between the EDC and equilibrium mixture fraction chemistry models, due to differences in
their temperature predictions within the flame. One-dimensional, line-of-sight radiation
calculations showed a 15 – 25 % reduction in the directional radiative fluxes at lower axial
locations as a result of ignoring radiation from CO and CH4. Under the constraints of fixed
temperature and species distributions, the flame radiant power estimates and average wall
incident radiative fluxes varied by nearly 60% and 11% respectively among the different
WSGG models.

4.1. Introduction
4.1.1. Chemistry and Radiative Heat Transfer in Oxy-Methane Combustion
Furthermore, the increase in concentration of the radiatively participating gases
(primarily CO2 and H2O but also CO as shown above) in an oxy-combustion medium can
cause significant changes to the radiation characteristics within the furnace. Therefore,
besides matching the flame temperature encountered during air-combustion, the need to
match the corresponding wall radiative fluxes will also impact the determination of the
optimum flue gas recycle ratios and oxidizer O2 concentrations.
Similarly, refined WSGG models for the gas-phase radiative properties were
determined to be necessary to accurately model radiative transfer. However, many of the
studies were carried out in laminar systems employing an “emission only” radiation
modeling assumption or in turbulent, semi-industrial scale systems with significant
interactions between the chemistry, turbulence and radiative heat transfer. Furthermore, the
range of temperatures encountered in these studies could have masked the variations that
could potentially arise among the variation modeling options that have been deemed to be
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appropriate for oxy-combustion scenarios.

4.1.2. Assessing the Accuracies of Radiative Transfer Predictions: Current
Needs
The goal of this study is to assess the variations in the radiative transfer predictions as
a result of employing different modeling options in oxy-methane combustion simulations.
This is undertaken by: employing three of the chemistry models that have been deemed to be
appropriate for simulating the combustion chemistry (cf. Table 3-1), minimizing the
influences of particle radiation, turbulence-chemistry and turbulence-radiation interactions
(TRI), examining the sensitivities to the spectroscopic database employed in the WSGGM
formulations and quantifying the impacts of CO and CH4 in the radiative transfer predictions.
These are elaborated below:

1. In the laminar flow experiments listed in Table 3-1 although the temperature and
concentrations of the radiatively participating species were well resolved, the radiative
transfer calculations were carried out employing the optically thin radiation model.
Under the optically thin assumption, each radiating point source within the flame has an
unimpeded, isotropic view of its cold surroundings. The radiative loss rate per unit
volume of the determined as a function of the absorption coefficient and the difference
between the fourth powers of the local flame temperature and the cold surrounding
temperature. While this is generally a good assumption in open flames where radiation is
not the dominant heat transfer mechanism, this approximation is not valid in enclosed
flames where radiative heating of the walls and radiation from the combustion gases
within the enclosure are important. Furthermore, the wall/surface radiative heat fluxes
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cannot be determined when employing the optically thin radiation model in these
scenarios as a rigorous solution to the radiative transfer equation (RTE) is not being
undertaken.
To address this need, experimental measurements from confined, laminar (Re
1404), methane flames in oxidizer compositions of: 21% O2 - 79 % N2, 35 % O2 – 65%
CO2 and 50% O2 – 50% CO2 are first reported in this study, followed by computational
fluid dynamic (CFD) simulations of these flames employing the discrete ordinates
radiation model. The results reported therefore include wall radiative fluxes in an
environment where turbulence-radiation interactions (TRI) were also minimized [1]. The
importance of TRI was recognized in a recent study carried out by Becher et al. [2]
where significant TRI precluded the determination of the most accurate radiative
property model. Furthermore, as noted in Table 3-1, most of the investigated oxymethane combustion systems were turbulent and at a semi-industrial scale where a
significant inter-play between the turbulence, chemistry and radiative heat transfer were
likely prevalent.

2. The different WSGGM formulations for oxy-combustion scenarios have been undertaken
employing different spectroscopic/model data bases. For instance, Johansson et al [3]
employed the EM2C statistical narrow band model (SNB), Yin et al. [4] the exponential
wide band model (EWBM), Krishnamoorthy [5] employed the RADCAL SNB and
Kangwanpongan [6] the HITEMP 2010 spectroscopic databases. While all the abovereferenced models were validated through comparisons against benchmark/line-by-line
(LBL) data for prototypical problems [5 – 7] at temperatures less than 1800 K,
significant variations among the underlying spectroscopic databases employed in their
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formulation can result in corresponding variations in the radiative transfer predictions in
coupled combustion calculations where strong variations in the H2O/CO2 ratios are
observed and the flame temperature greatly exceeds 1800 K. For instance, Lallemant et
al. [8] observed a significant variation in the emissivity predictions due to the differences
in spectroscopic/model databases employed in the emissivity calculations.
Recently, a similar evaluation at conditions representative of oxy-combustion
scenarios was carried out by Becher et al [9], however at constant H2O/CO2 ratios and
constant temperature conditions (800 K – 1800 K). By comparing, the total emissivities
predicted by different WSGG model formulations against those obtained from the
HITEMP 2010 spectroscopic database, they determined the WSGGM formulation of
Johansson et al [10] to be the most versatile and computationally efficient model,
followed by the older model of Johansson et al [3]. A comparison against the updated
WSGGM parameters based on the RADCAL SNB that was published in Krishnamoorthy
et al [5] was not carried out likely due to the close timing of both these publications.
However, in a more recent study Kangwanpongpan et al. [6] published WSGGM
correlations based on fitting the coefficients to total emissivities from the HITEMP 2010
LBL database. In their study, the radiative heat fluxes and its divergence were obtained
from LBL calculations for test cases encompassing wide ranges of composition nonhomogeneities, non-isothermal media and path lengths and were treated as benchmarks.
Their proposed WSGGM was then demonstrated to be the most accurate formulation
when compared against the benchmark with large errors associated with the EM2C SNB
based model of Johansson et al [10]. The laminar oxy-methane flames in enclosed
environments (such as those examined in this study) as a result of the oxygen enriched
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combustion environment can attain local temperatures greater than 2400 K within the
flame and by virtue of their shorter flame lengths, encounter sharper temperature and
species concentration gradients as well as result in volume-averaged reactor temperatures
that are much lower than 800 K. Since these extremes are well outside the range of
conditions examined in the studies of Becher et al. [9] and Kangwanpongpan et al. [6], it
is worthwhile to examine the radiative transfer variations that might result from
employing different WSGGM formulations, in particular when validation against
experimental data from these flames is being attempted.
Therefore in this study, radiative heat transfer calculations were performed by
estimating the gas-phase radiative properties of H2O and CO2 employing different
WSGGM for oxy-combustion scenarios that were formulated employing four different
spectroscopic databases [3-6]. All of the WSGGM were implemented as User-Defined
Functions (UDFs) and employed in conjunction with the CFD code ANSYS FLUENT
[11]. In addition, the modeling of the gas-phase chemistry was undertaken employing
the non-adiabatic extensions of the equilibrium Probability Density Function (PDF)
based mixture-fraction model, a two-step global finite rate chemistry model with
modified rate constants and the Eddy Dissipation Concept (EDC) employing a 41-step
detailed chemistry mechanism, models that have been deemed to be acceptable in oxycombustion scenarios as listed in Table 3-1.
3. All of the proposed WSGGM formulations [3 – 6] only account for the varying H2O/CO2
concentrations in the medium while calculating the radiative properties but neglect the
participation of CO and CH4 in radiative heat transfer. However, as previously noted,
high CO concentrations are present in the near-burner region during oxy-combustion that
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can impact the flame heat loss and the burner/wall radiative fluxes and temperatures.
Subsequently, these can have a strongly influence on the flame stability and lift-off
characteristics [12]. Therefore, the contributions of CO and CH4 in the radiative transfer
need to be properly assessed. To address this, the SNB RADCAL [13] was employed to
perform one-dimensional radiative transfer calculations to assess the contributions of CO
and CH4 to the radiative fluxes in these flames.
4.2. Experimental Conditions
For a complete description of the experimental conditions, the reader is referred to
section 3.2 of this thesis and to Ditaranto et al [14]
4.3. CFD Modeling Approach
4.3.1. Mesh and Flow Modeling
The modeling strategy and mesh is fully described in section 3.3.1.
4.3.2. Radiation Modeling and Boundary Conditions
In order to investigate the sensitivity of the predictions to the spectroscopic/model
databases alone employed in the WSGGM formulations, additional radiative transfer
calculations were carried out by “freezing” the converged flow field that was obtained with
the SNB RADCAL based WSGGM. This was made to ensure that all the WSGGM
calculations were performed on the same temperature and specie concentration fields and
any differences in the radiative source term predictions across the models do not translate to
any further changes to the thermal field that can further magnify/minimize the differences in
the radiative transfer predictions among the models. The different WSGGM investigated in
this study along with their model notations employed in this study, the number of gray-gases
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(gg) and the spectroscopic data bases associated with their formulation are listed in Table
4-1.
Table 4-1: A summary of WSGGM investigated in this study
Model Notation
Spectroscopic database

Reference

Perry (5 gg)

SNB RADCAL, Perry’s Chemical
Engineering Handbook

5

EM2C (5 gg)

EM2C SNB

3

EWBM (5 gg)

EWBM

4

HITEMP 2010 (5 gg)

HITEMP 2010

6

(Number of gray gases)

4.3.3. Chemistry Modeling
Based on the recent studies summarized in Table 3-1, it is evident that the nonadiabatic extension of the equilibrium PDF based mixture-fraction model, the Eddy
Dissipation Concept (EDC) and global finite rate chemistry (FR) have been deemed to be
appropriate for simulating the laminar to transitional oxy-methane flames investigated in this
study. Therefore, simulations employing all three models were employed in this study to
examine the variations in radiative transfer.

4.4. Results and Discussion
4.4.1. Wall Incident Radiative Fluxes
Since the EDC and PDF models account for dissociation and radical concentrations,
the variations in the incident radiative fluxes (in W/m2) at the wall predicted from employing
these two chemistry models in the simulations are shown in Figure 4-1. The wall averaged
82

percentage variations among the models are indicated near circled regions. The gas phase
radiative properties were all determined using the Perry (5 gg) WSGGM. Since higher flame
temperatures are predicted by the EDC model (cf. Figure 3-1 to Figure 3-3), the wall incident
radiative fluxes are also higher by 14 – 17 % across all flames.

83

Figure 4-1: Variations in the incident radiative fluxes (in W/m2) at the wall predicted by the
different chemistry models (the wall averaged percentage variations between the models are
indicated near circled regions).
84

4.4.2. Directional Radiative Flux Predictions from RADCAL
RADCAL [15] is a narrow band model that adopts the Curtis-Godson approximation
together with the single line group (SLG) model [16] to compute the spectral intensities from
a non-isothermal mixture of combustion gases (CO, CO2, H2O and CH4) and soot, incident
upon a volume element. Collision and Doppler broadened optical depths are first computed
in the calculations and then combined to calculate an overall optical depth. The contributions
from all the species to the total spectral optical depth are assumed to be additive. However,
the user has the option to selectively turn off the radiation contribution from any specie. The
spectral transmittance and spectral intensity are then obtained from the overall optical depth
by solving the radiative transfer equation (RTE) along the line of sight. Details of this
calculation procedure can be found in Grosshandler [15] and Ludwig et al. [16]. For
performing the RADCAL calculations, the CO, CO2, H2O and CH4, Temperature profiles at
different axial locations in the three flames (Re 1404) were exported from the CFD
calculations into a form readable by RADCAL. Figure 4-2, compares the directional
radiative flux (in W/m2-Sr) at different elevations along the furnace wall. The chemistry
model that was employed to determine the specie and temperature fields are indicated in the
legends. At lower axial locations, higher directional radiative fluxes are predicted by the FR
model by virtue of their higher centerline temperature predictions (cf. Figure 3-1 to Figure
3-3). However, the directional radiative flux predictions from all three chemistry models
converge to approximately the same values at higher axial locations analogous to what was
observed with the temperature fields in Figure 3-1 to Figure 3-3. The directional radiative
fluxes also increase with an increase oxygen concentration in the oxidizer stream due to
higher centerline temperatures. The open symbols in Figure 4-2 represent the calculations
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where the contributions of CO and CH4 to the radiative transfer were not accounted for in
RADCAL. As anticipated CO and CH4 radiation contributions are maximum at lower axial
locations at their highest concentrations (and temperatures) and their contributions quickly
become negligible at higher axial locations. These effects are further quantified in Figure 4-3
where the percentage reduction in the directional radiative flux when not accounting for both
CO and CH4 radiation are shown for fuel Reynolds numbers in the range 468 to 2340. A
maximum of 15 % reduction in the directional radiative fluxes at the walls is observed at
lower axial locations as a result of ignoring the participation of both CO and CH4 in the
radiation calculations as done in all of the proposed WSGGM formulations. The global FR
chemistry model by virtue of predicting higher centerline temperatures also predicts a greater
CO, CH4 contribution to the flame radiation (up to 25 % in the methane-air flame at lower
axial locations). The individual contributions of CO and CH4 to the radiative transfer were
determined to be roughly equal in these flames. Radiation from CO and CH4 in the near
burner region can therefore impact the flame stability and lift-off characteristics in these
flames.
In spite of the increases in CO concentrations and temperatures in the oxy-flames, the
corresponding increase in the combined concentrations of CO2 and H2O minimizes the
relative importance of radiation from CO and CH4. However, with an increase in fuel
Reynolds numbers the contributions of CO and CH4 to the radiative transfer are seen to be
clearly prevalent to greater axial heights.
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Figure 4-2: Directional radiative flux predictions from RADCAL at different heights along
the furnace wall in the air and oxy-flames flames (Re 1404). Open symbols correspond to
predictions where CO, CH4 radiation was not accounted for in the calculations.
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Figure 4-3: Percentage reduction in the directional radiative flux when not accounting for
CO, CH4 contributions to radiative transfer in calculations performed with mixture fraction
based chemistry model (unless indicated in the legends) and Perry (5gg) WSGGM: (a) Re
468; (b) Re 1404; (c) Re 2340.
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4.4.3. Effect of WSGGM Spectroscopic/Model Database
The radiative source term describes the conservation of radiative energy within a
control volume and goes into the total energy equation, thereby coupling radiation with the
other physical processes that occur in a multi-physics application. If “k” represents the
absorption coefficient within a control volume, “G” the total incident radiation and Ib the
black body emissive power, then the radiative source term   q(r) can be computed by
summing the contributions over all bands “i” as:

   q(r) 

 k (r)(G (r) - 4I

i  band

i

i

b,i

(r))

Equation 4-1

G, the incident radiation in Equation 4-1 is calculated by integrating the directional
intensities (I) associated with the wavelength band “i” over all directions as:


G i (r)   I i (r, s)dΩ

Equation 4-2

4

A negative value of the radiative source term corresponds to a net emission. The
volume integral of the radiative source term therefore is a measure of the total radiative
energy lost by the flame as a result of emission and absorption and is therefore employed to
determine the flame radiant fractions (by dividing the volume integral of Equation 4-2 by the
product of fuel heating value and mass flow rate). Table 4-2 compares the volume integrated
radiant source (or the magnitude of radiant power) predicted by the different WSGGM. The
volume integrated radiant source was computed as:

QR  

   q(r)dV

Equation 4-3

V

Also shown in Table 3 are the average H2O/CO2 ratios in the domain and the
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maximum percentage variation in QR. The maximum percentage variation for each flame
was computed as:
Q R,high  Q R,low
Q R,high

100

Equation 4-4

Table 4-2: Volume integrated radiative source (in W) (QR) for the different flames
investigated in this study.

Significant variation (up to 60%) in QR is observed in both the air and oxy-flames.
Figure 4-4 shows the variations in the incident radiative fluxes along the walls of the furnace
(in the axial direction). The wall incident radiative fluxes were determined through an
integration of the normal component of the directional intensities over a hemi-sphere as:

q(r) 

 

  I(r, s) s dΩ

Equation 4-5

4

The maximum of the wall averaged percentage variations between the models are also
indicated near circled region. To determine this, the maximum percentage variation among
the models was computed at each computational cell along the wall (i.e., by employing q(r)
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in Equation 4-4) and averaged over all cells along the wall.

Figure 4-4: Variations in the incident radiative fluxes (in W/m2) at the wall predicted by the
different WSGG models (the maximum of the wall averaged percentage variations between
the models are indicated near circled regions).
Wheaton et al [17] had previously examined the variations in the wall incident
radiative flux predictions as a result of employing the EM2C (5 gg) and Perry (5 gg) in the
model calculations. In their study, although high concentrations of radiatively participating
gases were present, the average H2O/CO2 ratio within the turbulent furnaces was
approximately 2 (close to the air-methane flames in this study). This ratio resulted from the
fact that the simulations were of: oxygen-enriched combustion without flue gas recirculation
in one system and high temperature air combustion where there was a large amount of wet
flue gas recirculation. Although temperatures greater than 1800 K were encountered in those
systems as well, the nearly homogeneous, isothermal conditions encountered within those
systems along with the EM2C (5 gg) and Perry (5 gg) WSGGM compared in that study
showed no significant difference in radiative flux predictions arising from the choice of the
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WSGGM model/spectroscopic database. It is worth noting in Figure 4-4 that the EM2C (5
gg) and the Perry (5 gg) model wall radiative flux predictions are nearly identical in
methane-air flames. In contrast, this study shows that the variations among the WSGGM
predictions may not always be negligible in air and oxy-fired systems.

4.5. Conclusions
The past few years have seen the development, refinement and validation of several
chemistry and radiative property models for simulating oxy-methane combustion. However,
many of the studies were carried out in laminar systems employing an “emission only”
radiation modeling assumption or in turbulent, semi-industrial scale systems with significant
interactions between the chemistry, turbulence and radiative heat transfer. Furthermore, the
range of temperatures encountered in these studies could have masked the variations that
could potentially arise among these models predictions. This is demonstrated in this study by
examining the variations in radiative transfer predictions in oxy-methane flames in a system
where: the influence of turbulence is minimized, and the discrete ordinates method was
employed to solve the RTE. Three chemistry models and four radiative property models for
the gas-phase, all of which have been deemed to be appropriate for simulating these
scenarios were employed in the simulations.
The chemistry was modeled employing the non-adiabatic extension of the
equilibrium Probability Density Function (PDF) based mixture-fraction model, the Eddy
Dissipation Concept (EDC) employing a 41-step detailed chemistry mechanism, and a twostep global finite rate chemistry model with modified rate constants proposed to work well
under oxy-methane conditions. The non-gray, gas-phase radiative properties of H2O and CO2
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were determined employing different formulations of the weighted-sum-of-gray-gases
models (WSGGM) that were based on four different spectroscopic/model databases. Based
on the results from this study the following conclusions may be drawn:
1. The centerline temperature variations among the chemistry models were reflected in onedimensional, line-of-sight calculations of the directional radiative flux at the walls
carried out employing the statistical narrow band model RADCAL as well as in the
incident radiative heat flux profiles obtained from discrete ordinates model simulations
of radiative transfer. When employing the same WSGGM, an average variation of 14 –
17% in the wall incident radiative fluxes was observed between the EDC and equilibrium
mixture fraction chemistry models, due to differences in their temperature predictions
within the flame.
2. When employing the temperature and specie concentration fields obtained from the
equilibrium mixture fraction model predictions, RADCAL calculations indicated a
maximum of 15 % reduction in the directional radiative fluxes at the walls at lower axial
locations as a result of ignoring the participation of both CO and CH4 in the radiation
calculations as done in all of the proposed WSGGM formulations. In spite of the
increases in CO concentrations and temperatures in the oxy-flames, the corresponding
increase in the combined concentrations of CO2 and H2O minimized the relative
importance of radiation from CO and CH4. However, with an increase in fuel Reynolds
numbers the contributions of CO and CH4 to the radiative transfer were clearly prevalent
to greater axial heights. The global finite rate chemistry model by virtue of predicting
higher centerline temperatures also predicted a greater CO, CH4 contribution to the flame
radiation (up to 25 % in the methane-air flame at lower axial locations). Radiation from
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CO and CH4 in the near burner region can therefore impact the flame stability and lift-off
characteristics in these flames.
3. Under the constraint of a fixed temperature and species distributions obtained from
equilibrium mixture fraction model simulations, differences in the spectroscopic/model
databases employed in the WSGGM formulations resulted in a nearly 60% variation in
the volume integrated radiative source term predictions (which is employed to estimate
the flame radiative fraction) in all of the flames examined. In general, the variations
increased with increase in flame lengths (i.e., with fuel Re) and flame temperatures
(which were higher in the oxy-flames). These were also reflected in the variations in the
wall incident radiative flux predictions among the models with the average variation
among the WSGGM formulations increasing up to 11% in the Re 2340 oxy-flames.
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5. CONCLUSIONS

A comprehensive assessment was carried out in this thesis to determine the
accuracies of CFD simulations using different chemistry and radiation modeling procedures.
The effects and sensitivities of radiative heat transfer predictions to three chemistry models
were also investigated. Laminar to transitional, air-methane and oxy-methane diffusion
flames in a lab-scale furnace were chosen to minimize the impact of the turbulence modeling
procedure and the uncertainties associated with the particle contribution to radiation. This
thesis is divided into three sections: 1) an investigation into the effects of gray and non-gray
radiation modeling on variables important to radiative heat transfer, 2) an investigation on
the impact of several chemistry models on temperature and other variables and 3) an
assessment on the sensitivities of radiative heat transfer predictions to the choice of radiation
and chemistry models.

5.1. Summary of Results
In Chapter 2, combustion chemistry was modeled using the non-adiabatic extension
of the equilibrium based mixture fraction model. The radiation models used were gray and
non-gray formulations of the Perry model. Predictions of gas, wall temperatures and flame
lengths were in good agreement with experimental measurements. The temperature and
flame length predictions were not sensitive to the radiative property model employed. There
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were significant variations between the gray and non-gray model radiant fraction predictions
with the variations in general increasing with decrease in Reynolds numbers possibly
attributed to shorter flames and steeper temperature gradients. The inclusion of soot model
and TRI model did not affect our predictions as a result of low soot volume fractions and the
radiation emission enhancement to the temperature fluctuations being localized to the flame
sheet
In Chapter 3, CFD simulations of and experimental results from three laminar,
diffusion methane flames in oxidizer compositions of: 21% O2 – 79% N2, 35 % O2 - 65%
CO2 and 50% O2 – 50 % CO2 were reported. The non-gray radiation model for the radiative
properties of the gas-phase was employed for all simulations. The chemistry was modeled
employing the Eddy Dissipation Concept (EDC) employing a 41-step detailed chemistry
mechanism, the non-adiabatic extension of the equilibrium Probability Density Function
(PDF) based mixture-fraction model and a two-step global finite rate chemistry model with
modified rate constants proposed to work well under oxy-methane conditions. Based on the
results from this chapter, employing the non-gray model for the radiative properties of the
gas-phase in conjunction with the equilibrium PDF chemistry model may be deemed
accurate to capture the major species concentrations, temperatures and flame lengths in oxymethane flames with long chemical residence times whereas detailed chemistry mechanisms
with Soret effect need to be developed/validated to accurately predict pollutant
concentrations such as CO, NOx and soot.
Chapter 4 examined the variations in radiative transfer predictions in oxy-methane
flames in a system where the influence of turbulence was minimized. Three chemistry
models and four radiative property models for the gas-phase were employed in the
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simulations of the flames investigated in Chapter 3. The non-gray, gas-phase radiative
properties of H2O and CO2 were determined employing different formulations of the
weighted-sum-of-gray-gases models (WSGGM) that were based on four different
spectroscopic/model databases. The results showed that an average variation of 14 – 17% in
the wall incident radiative fluxes was observed between the EDC and equilibrium mixture
fraction chemistry models due to differences in their temperature predictions within the
flame. The increases in CO concentrations and temperatures in the oxy-flames and the
corresponding increase in the combined concentrations of CO2 and H2O minimized the
relative importance of radiation from CO and CH4. However, with an increase in fuel
Reynolds numbers the contributions of CO and CH4 to the radiative transfer were clearly
prevalent to greater axial heights. One-dimensional, line-of-sight radiation calculations
showed a 15 – 25 % reduction in the directional radiative fluxes at lower axial locations as a
result of ignoring radiation from CO and CH4. Under the constraints of fixed temperature
and species distributions, the flame radiant power estimates and average wall incident
radiative fluxes varied by nearly 60% and 11% respectively among the different WSGG
models.
5.2. Future Work
Future work will investigate the sensitivities of flame lift-off heights to the choice of
gas-phase chemistry and radiation sub-models. Flame lift-off predictions from methane
flames at various co-flow and oxidizer conditions will be compared to experimental
measurements. A preliminary investigation on lift-off predictions in the flames considered in
this thesis revealed the necessity for improved predictions of CO. As discussed in section
3.4.4, an improved agreement in CO predictions may be obtained by the hybrid model or by
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employing a more detailed chemistry mechanism.
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